The absorption and luminescence static and dynamic properties of a group of quinolizinone and indolizinone derivatives in solvents of different polarity at 297 K and 77 K are studied. On the basis of the spectral data and the PPP quantum-chemical results the problem of the main chromophore in these structures is discussed.
Introduction
In this paper the absorption and luminescence properties of some heterocycles incorporating the quinolizine [1] or indolizine [2] ring system are studied. The investigated compounds 1 [3] , 2a-b [4], 3 [4] , 4a-b [5] , 5 [5] and 6a-c [6] are shown in Figure 1 . There are no data in the literature on their luminescence properties. Quantum chemical investigations have been performed to elucidate which is the main chromophore.
Spectral Properties a) Absorption Characteristics
The absorption spectra are recorded on a double beam spectrophotometer Specord M40 (Carl Zeiss, Jena), and the luminescence spectra on a Perkin Elmer MPF-44 spectrofluorimeter. The solvents used are of spectroscopic grade. The fluorescence quantum yields are determined relative to 3-aminophthalimide (<2F = 0.6 in ethanol [7] ). The fluorescence lifetimes are measured on a nanosecond spectrofluorimeter PRA 2000 at room temperature. The low-temperature luminescence measurements are performed at 77 K in the standard phosphorescence accessory to MPF-44 in quartz tubes of 4 mm diameter.
The compounds shown in Fig. 1 0932-0784 / 92 / 0300-537 $ 01.30/0. -Please order a reprint rather than making your own copy. quinolizin-8-one (compound 1) in which a new aromatic system is condensed along the g bond. The members of group B (5 and 6a-c) may be regarded as substituted isoquinolinones with a fixed planar structure; they are analogs of the compounds in group A, in which the Ch = CH group in position 5-6 is substituted for a CH 2 -CH 2 or a CH 2 one. Table 1 shows some basic spectral characteristics of the compounds.
The longest wavelength absorption band is around 24 000 cm" 1 in the compounds of group A, while that of the compounds in group B is shifted towards shorter wavelengths and is around 28 000 cm" 1 . In all compounds, at shorter wavelengths there is a series of absorption transitions of higher intensity.
Figure 2 (above) shows the absorption and fluorescence spectrum of the parent compound of group A 1 in ethanol, as well as the computed transition energies and oscillator strengths in the PPP-SCF-CI approximation (denoted by vertical lines). The absorption spectra of 2a-b and 3 are similar in shape and position to that of 1. However, in the absorption spectra of compounds 4a-b a new long wavelength maximum is observed around 23 000 cm -1 , which according to PPP quantum-chemical calculations (see Tables 1 and 4 ) is localized on the indole fragment.
Figure 2 (below) shows the absorption and fluorescence spectrum of compound 6 a, a typical representative of group B, as well as the computed transition energies and oscillator strengths. The electronic spectra of the other compounds in this group are very similar to those of 6 a (see Table 1 ).
The position of the longest wavelength absorption maximum of the compounds is almost independent of the solvent polarity; a slight hypochromic shift (not more than 500 cm -1 ) is observed on changing the solvent from ethanol and acetonitrile to cyclohexane.
The nn* transitions of the compounds cannot be observed in the absorption spectra, as they are overlapped by the intense nn* transitions. Having in mind that the position of the n n* transition localized on the carbonyl group is practically independent of the length of the conjugated ^-electronic system [8, 9] , the energy of the lowest singlet nn* transition may be evaluated by analogy with aromatic ketones with similar structure, for example the unsubstituted coumarin in which v nn ,>32 000 cm -1 [10] . The high fluorescence quantum yields of the compounds indicate that the energy of the O-O transition of the lowest singlet nn* state is really considerably higher than that of the S 1 (7i7r*) state, which, according to the experimental and theoretical data, has an energy not exceeding 28 000 cm -1 .
b) Luminescence Characteristics
All of the studied compounds fluorescence in solution at room temperature in the region 27 000-20 000 cm -1 ( Table 1 ). The fluorescence spectra of most of them possess a well defined vibrational structure. The fluorescence spectra of 2a-b and 3 are similar in position to that of 1, while those of compounds 4a-b are shifted to the red. The fluorescence and absorption spectra of the compounds in group B are shifted to shorter wavelengths in comparison to those in group A.
The Stokes shift, evaluated from the energy difference of the absorption and fluorescence maxima, is 3000-4000 cm"
1 . The increase of the solvent polarity (cyclohexane, acetonitrile, ethanol) leads to a slight hypochromic shift (not more than 600 cm" 1 ) of the fluorescence Franck-Condon transitions and an insignificant change (up to 1000 cm" 1 ) of the Stokes loss (see Table 1 ). The change of the dipole moment of the compounds upon excitation evaluated according to the model of Lippert [11] does not exceed 2-3 D.
All of the studied compounds have relatively high fluorescence quantum yields in solution at room temperature. The fluorescence intensity is not substantially influenced by the solvent; the fluorescence quantum yields are somewhat higher in cyclohexane than in acetonitrile and ethanol (see Table 1 ). Table 2 shows the lifetime T of the S 1 (7r 7r*) state, computed from the fluorescence decay curve, and the radiative and non-radiative rate constants, calculated from T and Q F . Both the singlet lifetime and the transition constants are of the same order of magnitude as those of compounds of similar structure -e.g. substituted iso-coumarins [12] . Table 3 shows some luminescence characteristics of the compounds in frozen ethanol solutions at 77 K.
The freezing of the ethanol solutions leads to the well-known [13] blue shift of the Franck-Condon fluorescence transition; in most cases the fluorescence intensity increases slightly (up to 4 times), and a weak phosphorescence emission is observed. The S-T splitting is in the range 4000-7000 cm" 1 . Because of the fixed planar structure of the compounds, quenching processes due to intramolecular motion of certain fragments in the molecule should not be significant; this is supported by the relatively high fluorescence quantum yields observed in solution at room temperature, as well as the insignificant increase of the fluorescence intensity in a solid matrix at 77 K.
Quantum-chemical Investigations
The quantum-chemical calculations were carried out in 7r-electron approximation by the PPP-SCF-CI method [14] with a standard parameterization [15] . The absorption spectra agree well with the quantumchemical calculations, the difference between the calculated and the experimental Franck-Condon transition energies being within the accuracy of the PPP method (0.1-0.2 eV). Fig. 2 Table 4 . Theoretical values of the energies of the first nn* electron transitions AE (in eV), oscillator strengths (/) and coefficients of the predominating configurations (d kk ,) in the CI wave fuctions for compounds 2 a, 4 a, 6 a and the corresponding fragments I, II, III and IV. absorption spectra of 1 and 6 a and the calculated transition energies and oscillator strengths. The quantum-chemical calculations were used to propose a main chromophore in some of the compounds. The conclusions are made by comparison of the theoretical PPP results, namely the computed transition energies, direction of the transition moments and configuration analysis of the molecule and its fragments. A similar approach for identification of the main chromophore was applied e.g. in [16] . Some of the above criteria were also used in [17] . Figure 3 shows the fragments I-IV, which may be considered on the basis of the principle of structural analogy as main chromophores of compounds 2 a (I-IV), 4a (I-III) and 6a (II-IV).
allows comparison of the
The analysis of the wave functions (Table 4) shows that for 2a and I the longest wavelength nn* transition is determined by the HOMO-LUMO transition (the statistical weight of the V} configuration is >0.90), while the second nn* transition is determined predominantly by the Vf configuration.
Because of the character of the transitions, the energies and the oscillator strengths of 2 a are similar only to those of I (see Table 4 ), the latter is the only fragment from the considered ones which may be regarded as the main chromophore of 2 a.
As seen in Fig. 3 there is no significant difference in the direction of the calculated transition moments for 2 a and I, which supports the conclusion in the pre- Table 5 . Luzanov values Lf [17] , indicating the degree of localization of the ^ 1 S1 (i = 1, 2) transitions for 4 a and for the indole fragment (V) and fragment I. As atoms 9 and 10 are included in both fragments, £ Lf> 1. vious paragraph. However, it should be noted that the direction of the transition moments of the other possible fragments is also very similar. The results from the PPP calculations of 4 a (see Table 4 ) indicate that the SQ-S^TT*) transition of fragment I corresponds to the S 0 -S 2 {nn*) transition of compound 4a; this conclusion is confirmed by the results of the analysis performed by the Luzanov method [18] , see Table 5 . The data in Table 5 also show that the So-S^ft*) transition of compound 4 a is localized on the indole fragment.
On the basis of the PPP computations a main chromophore of compound 6 a could not be proposed.
The available experimental data on the electronic spectra of compounds 2 a, 4 a, 6 a, I, III and IV also support the conclusions drawn on the basis of the quantum-chemical results. The spectral characteristics (transition energies, molar absorptivities and fine structure) of the studied quinolizinone (e.g. 2 a, 6 a) and indolizinone (e.g. 4 a) derivatives are quite different from those of stilbene (IV) and isoquinolinone (III), while the electronic spectra of 1 (I) and 2 a are very similar (Table 1) .
